Cathinones are a class of drugs used to treat various medical conditions including depression, obesity, substance abuse, and muscle spasms. Some ''designer'' cathinones, such as methcathinone, mephedrone, and methylone, are used nonclinically for their stimulant or entactogenic properties. Given the recent rise in nonmedical use of designer cathinones, we aimed to improve understanding of cathinone pharmacology by investigating analogs of methcathinone with a CF 3 substituent at the 2-, 3-, or 4-position of the phenyl ring (TFMAPs). We compared the TFMAPs with methcathinone for effects on monoamine uptake transporter function in vitro and in vivo, and for effects on locomotor activity in rats. At the serotonin transporter (SERT), 3-TFMAP and 4-TFMAP were 10-fold more potent than methcathinone as uptake inhibitors and as releasing agents, but 2-TFMAP was both a weak uptake inhibitor and releaser. At the norepinephrine and dopamine transporters (NET and DAT), all TFMAP isomers were less potent than methcathinone as uptake inhibitors and releasers. In vivo, 4-TFMAP released 5-HT, but not dopamine, in rat nucleus accumbens and did not affect locomotor activity, whereas methcathinone increased both 5-HT and dopamine and produced locomotor stimulation. These experiments reveal that TFMAPs are substrates for the monoamine transporters and that phenyl ring substitution at the 3-or 4-position increases potency at SERT but decreases potency at NET and DAT, resulting in selectivity for SERT. The TFMAPs might have a therapeutic value for a variety of medical and psychiatric conditions and may have lower abuse liability compared to methcathinone due to their decreased DAT activity.
Introduction
Cathinones are phenylisopropylamine compounds with a carbonyl oxygen at the benzylic position of the molecule. The prototype drug in this class is cathinone itself, a naturallyoccurring substance that has been used for centuries in plant form for its stimulant effects (Alles et al., 1961) . Other drugs in this class include the psychostimulant methcathinone ( Fig. 1) , the antidepressant and stop-smoking aid bupropion, antispasmodic agents eperisone and tolperisone, and the anorectic agent diethylpropion. Cathinones with a wide range of activities have been synthesized and some may be useful as new therapeutic agents with improved adverse effect profiles for treating depression, obesity, cocaine and nicotine addiction, and as centrally acting muscle relaxants (Carroll et al., 2009 Cozzi et al., 2005; Foley and Cozzi, 2003; Lukas et al., 2010; Nisijima et al., 1998; Shiozawa et al., 1995) . Identified biological targets for cathinones include acetylcholine, serotonin, dopamine, norepinephrine, histamine, and sigma-1 receptors, voltage-gated sodium and calcium ion channels, plasma membrane transporters for serotonin, norepinephrine, and dopamine (SERT, NET, and DAT, respectively) and the vesicle monoamine transporter 2 (VMAT2) (Baumann et al., 2012; Carroll et al., 2009 Carroll et al., , 2010 Cozzi and Foley, 2003; Cozzi et al., 1999 Cozzi et al., , 2005 Cozzi et al., , 2007 Foley and Cozzi, 2003; Fujioka and Kuriyama, 1985; Hofer et al., 2006; Kehr et al., 2011; Kocsis et al., 2005; Slemmer et al., 2000) .
Lately, psychoactive ''designer'' cathinones, marketed as ''bath salts'', have become commercially available for purchase over the Internet and in retail shops. These compounds are used outside of medical settings for personal experimentation, mood elevation, and for entertainment purposes as ''legal highs''. Some of the most popular designer cathinones include methylone (3,4-methylenedioxymethcathinone), mephedrone (4-methylmethcathinone), and 3,4-methylenedioxypyrovalerone (MDPV) (Brandt et al., 2010 (Brandt et al., , 2011 EMCDDA, 2011; Kelly, 2011; Vardakou et al., 2011) . The effects of these agents range from amphetamine-like stimulation (alertness, loss of fatigue, increased locomotor activity) to entactogenic effects (increased empathy, reduced fear) resembling those produced by 3,4-methylenedioxymethamphetamine (MDMA) (Mithoefer et al., 2011; Nichols et al., 1986) . The emergence of designer cathinones on the recreational drug market represents an approach to scientific data mining of the existing patent literature and contemporary medicinal chemistry literature. This approach is certainly not new, but it is worth noting that a large number of cathinone derivatives have appeared very recently, especially in the European Union. An annual monitoring exercise, carried out by the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA), revealed that synthetic cathinones represent a key substance class, with 34 new designer cathinones reported between (EMCDDA, 2012 . In the United States, mephedrone, methylone, and MDPV were classified as Schedule I controlled substances in October 2011 (Anonymous, 2011) .
We recently prepared three trifluoromethyl ring-substituted positional isomers of methcathinone (trifluoromethyl-methylaminopropiophenones; TFMAPs) as reference standards for the analytical characterization of new cathinones for forensic and clinical purposes . These new compounds incorporate a CF 3 substituent at the 2-, 3-, or 4-position of the phenyl ring (2-TFMAP, 3-TFMAP, and 4-TFMAP, respectively; Fig. 1 ). Here, we examine the TFMAPs in vitro and in vivo for their neurochemical and behavioral effects. We tested the TFMAPs for their abilities to inhibit neurotransmitter uptake via the human transporters hSERT, hNET, and hDAT. We then tested the TFMAPs and methcathinone as releasing agents at the rat SERT (rSERT) using rat brain synaptosomes preloaded with [ 3 H]5-HT, and at the rNET and rDAT using synaptosomes preloaded with [
, a model catecholamine transporter substrate (Wall et al., 1995) . Lastly, we used in vivo microdialysis to compare the effects of intravenously-administered 4-TFMAP and methcathinone on extracellular dopamine and 5-HT levels in nucleus accumbens, while simultaneously monitoring spontaneous locomotor activity in awake, freely-moving rats.
Materials and methods

Animals
Male Sprague-Dawley rats weighing 300-350 g were housed under conditions of controlled temperature (2272 1C) and humidity (4575%) with food and water available ad libitum and under a 12 h light-dark cycle. Rats were maintained in facilities accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, and procedures were carried out in accordance with the Animal Care and Use Committee of the NIDA IRP. Rats were housed in pairs upon receipt and were allowed at least two weeks for acclimatization to the vivarium conditions before being used in experiments.
Drugs and reagents
Methcathinone was prepared via the permanganate oxidation of racemic ephedrine as described (Zhingel et al., 1991) . To synthesize the new TFMAP compounds (Fig. 1) , commercially available 2-, 3-, or 4-positional isomers of trifluoromethylpropiophenones (SigmaAldrich, St. Louis, MO, USA) were used as precursors to prepare 2-trifluoromethylmethcathinone (2-TFMAP; 2-(methylamino)-1-(2-trifluoromethylphenyl)propan-1-one), 3-trifluoromethylmethcathinone (3-TFMAP; 2-(methylamino)-1-(3-trifluoromethylphenyl)propan-1-one), and 4-trifluoromethylmethcathinone (4-TFMAP; 2-(methylamino)-1-(4-trifluoromethylphenyl)propan-1-one), respectively. The TFMAPs were synthesized using a modification of the method of Schmidt and Eberhard (1915) . This consists of side-chain a-bromination of the appropriate trifluoromethylpropiophenone with elemental bromine in dichloromethane, followed by displacement of the bromine with a 20% solution of methylamine in 1:1 water:ethanol to generate the respective trifluoromethyl-substituted methylaminopropiophenone. After work-up, all target compounds were isolated as the hydrochloride salts. Chemical purity and identity of these compounds were verified by melting-point determination, thinlayer chromatography, proton nuclear magnetic resonance, and mass spectrometry. All analytical data were consistent with the assigned structures and analytical details have been published elsewhere . [ 
H]MPP
þ , specific activity¼85 Ci/mmol) was purchased from American Radiolabeled Chemicals (St. Louis, MO, USA). Cell culture medium and antibiotics were obtained from Life Technologies (Gaithersburg, MD, USA). Fetal bovine serum was purchased from Hyclone (Logan, UT, USA). Citalopram, desipramine, GBR12935, nomifensine, pargyline, buffer components, and other miscellaneous chemicals were acquired from multiple commercial sources.
Inhibition of hSERT-mediated [ 3 H]5-HT uptake into human platelets
Human platelets, which naturally express the human SERT (hSERT), were used to assess drug activity on [ 3 H]5-HT uptake. Outdated human platelets were obtained from the blood bank at the University of Wisconsin Clinical Sciences Center (Madison, WI, USA). Platelets from 5 to 10 donors were pooled, 10% dimethylsulfoxide was added, and aliquots were stored frozen at À 80 1C until use. For assays, 5 mL of platelets were thawed and added to 20 mL ice-cold Krebs-Ringer-HEPES (KRH) buffer containing (mM): NaCl (124.0), KCl (2.9), MgSO 4 (1.3), KH 2 PO 4 (1.2), CaCl 2 (2.4), D-glucose (5.2), HEPES (25.0), sodium ascorbate (0.1), pargyline (0.1), pH¼7.4. The platelet suspension was subjected to centrifugation (4340 Â g, 4 1C, 10 min) and the supernatant was discarded. The pellet was washed twice by resuspension in KRH followed by centrifugation. The final pellet was suspended in 20 mL ice-cold KRH and stored on ice until use. The ability of platelets to accumulate [ the platelet suspension was added to glass tubes containing 50 mL test drugs (dissolved in KRH) or 50 mL KRH (for total and nonspecific determinations). The assay tubes were preincubated in a 37 1C shaking water bath for 5 min. The tubes were then returned to the ice bath and chilled for 15 min. [ 3 H]5-HT was added (5 mL of stock solution; final concentration, 10 nM), giving a total incubation volume of 500 mL. All tubes except nonspecific tubes were returned to the 37 1C shaking water bath for 10 min to initiate neurotransmitter uptake. Uptake was terminated by chilling the test tubes in the ice bath. The assay tubes were vacuum filtered through glass fiber filters (Whatman GF/B) pretreated with 0.1% polyethyleneimine) using a Brandel 24-channel cell harvester (Brandel, Gaithersberg, MD, USA). Filters were washed with 2 Â 3 mL ice-cold 300 mM NaCl, allowed to dry briefly under vacuum, then placed in liquid scintillation vials. Scintillation cocktail (3 mL) was added and the vials were sealed, vortexed, and allowed to stand overnight. Filters were assessed for tritium content by liquid scintillation counting (Packard Tri-Carb 1600; Perkin-Elmer, Waltham, MA, USA). Specific uptake was defined as uptake at 37 1C minus uptake at 0 1C in the absence of drugs. Under these conditions, specific [ 3 H]5-HT uptake was typically greater than 90%. The IC 50 7S.E.M. for each test drug was determined from at least three displacement curves per test drug, using six drug concentrations, each run in triplicate. Data from each experiment were transformed from dpm to % specific uptake and fitted to a fourparameter logistic curve to obtain an IC 50 value. Curve fitting was accomplished using commercial computer software (GraphPad Prism; GraphPad Software, La Jolla, CA, USA).
Inhibition of hDAT-mediated [
3 H]DA uptake into transfected cells HEK293 cells stably expressing the human dopamine transporter (HEK293-hDAT) were maintained in a humidified atmosphere (5% CO 2 in air) in selective culture medium: Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum and antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, 100 mg/mL geneticin). Uptake inhibition of [ 3 H]DA by TFMAP isomers was measured essentially as described recently (Bulling et al., 2012) . In brief, HEK293-hDAT cells were seeded onto 48-well plates precoated with poly-D-lysine (5 Â 10 4 cells/ well) 24 h prior to the experiment. For assays, each well was washed with 500 mL of Krebs-HEPES buffer (KHB) containing (mM): NaCl (1 3 0), KH 2 PO 4 (1.3), CaCl 2 (1.5), MgSO 4 (0.5), HEPES (10), pH¼7.4. Cells were pre-incubated with various concentrations of individual TFMAP isomers in KHB at room temperature for 15 min, then uptake was assessed by adding [ 3 H]DA (final concentration, 100 nM) for 1 min. Nonspecific uptake was defined with 10 mM mazindol. The assay was ended by discarding the incubation buffer and washing the cells with 0.5 mL ice-cold KHB. Finally, cells were lysed with 0.5 mL of 1% sodium dodecyl sulfate (SDS) and the well contents were transferred into 2 mL of scintillation fluid (Rotiszint eco plus LSC, Art. 0016.3) and counted in a Packard 2300TR Tri-Carb Liquid Scintillation Analyzer (Perkin-Elmer, Waltham, MA, USA). Data were processed as described in Section 2.3.
Inhibition of hNET-mediated [
3 H]NE uptake into transfected cells C6 glioma cells stably expressing the human norepinephrine transporter (C6-hNET) were maintained in a humidified atmosphere (5% CO 2 in air) in selective DMEM as described for HEK293-hDAT cells. For assays, 3 Â 100 mm dishes of confluent cells were washed with phosphate buffered saline, pH¼7.1. The cells were then treated with trypsin/EDTA and split into 4 Â 6-well (35 mm) plates in 2 mL/well culture medium minus geneticin. The cells were allowed to grow overnight and were used for uptake assays the following day. The ability of test drugs to inhibit [ 3 H]NE uptake was measured as follows: the DMEM was aspirated from the 6-well plates containing confluent C6-hNET cells. The cells were washed with 2 Â 2 mL 37 1C KRH, then 490 mL 37 1C KRH was added to each well. This was followed by the addition of 5 mL KRH (for total determinations), 5 mL of 10 mM desipramine hydrochloride stock solution (for nonspecific determinations; final concentration, 100 mM), or 5 mL of test drug solution. The plates were preincubated at 37 1C for 15 min, then 5 mL of [ 3 H]NE (final concentration, 20 nM) was added to each well to initiate uptake. Uptake was allowed to proceed at 37 1C for 20 min, then the incubation buffer was discarded and the cells were washed with 3 Â 2 mL ice-cold KRH. The cells were lysed in 500 mL 37 1C 1% SDS, then the solubilized well contents were transferred to liquid scintillation vials containing 3 mL scintillation cocktail for radioactivity measurement (Packard Tri-Carb 1600; Perkin-Elmer, Waltham, MA, USA). Data were processed as described in Section 2.3.
Drug-evoked release via rSERT, rNET, and rDAT
The abilities of TFMAP isomers and methcathinone to evoke release via the rat monoamine transporters (rSERT, rNET, and rDAT) were examined in rat brain synaptosomes essentially as described . Rats were euthanized with CO 2 , decapitated, and the brains were rapidly removed and dissected on ice. Rat whole brain minus cerebellum (for rSERT and rNET release assays) or rat striatum (for rDAT release assays) was homogenized in ice-cold 10% sucrose containing 1 mM reserpine.
For rSERT release assays, 100 nM nomifensine and GBR12935 were added to the sucrose solution to block uptake of (5), sodium ascorbate (5.7), pargyline (0.05), reserpine (0.001), pH ¼7.4. The appropriate combination of transporter blockers (citalopram, desipramine, nomifensine, or GBR12935; 100 nM) was present depending on the transporter under study.
After incubation to steady state, 850 mL of preloaded synaptosomes were added to 12 Â 75 mm polystyrene test tubes or 96-well polypropylene plates that contained 150 mL test drug in uptake buffer plus 1 mg/mL bovine serum albumin. Incubations were maintained at 25 1C. After 5 min (rSERT assays) or 30 min (rNET and rDAT assays), the release reaction was terminated by dilution with 4 mL wash buffer (10 mM Tris-HCl containing 0.9% NaCl at 25 1C, pH¼7.4) followed by rapid vacuum filtration through glass fiber filters (Whatman GF/B) using a cell harvester (Brandel, Gaithersberg, MD, USA). Filters were rinsed twice with 4 mL wash buffer, dried briefly under vacuum, then transferred to 24-well plates. Scintillation cocktail (0.6 mL) was added to each well, and after an overnight incubation, the retained tritium was assessed at 40% efficiency by liquid scintillation counting. EC 50 values for transporter assays were determined using the nonlinear least-squares curve fitting program MLAB-PC (Civilized Software, Bethesda, MD, USA).
In vivo microdialysis of nucleus accumbens
For in vivo microdialysis experiments, rats received sodium pentobarbital (60 mg/kg, i.p.) for surgical anesthesia. Indwelling catheters made of Silastic Medical Grade tubing (Dow Corning, Midland, MI, USA) were implanted into the right jugular vein. Immediately thereafter, intracerebral guide cannulae (CMA 12; CMA/Microdialysis, Acton, MA, USA) were implanted above the nucleus accumbens, according to stereotaxic coordinates: 1.6 mm lateral and 1.6 mm anterior to bregma, and 6.0 mm below the surface of the dura. Guide cannulae were secured to the skull using stainless steel anchor screws and dental acrylic. Animals were individually housed post-operatively and allowed 7-10 days for recovery. In vivo microdialysis sampling was carried out as described, with minor modifications (Baumann et al., 2011) . On the evening before an experiment, rats were moved to the testing room. A plastic collar was placed around the neck of each rat, CMA/ 12 dialysis probes (probe exchange surface was 2 Â 0.5 mm) were inserted into the previously implanted guide cannulae, and extension tubes were attached to the indwelling jugular catheters. Each rat was placed into its own locomotor activity monitor (Coulbourn Instruments, Allentown, PA, USA) and connected to a tethering system that allowed movement within the activity monitor. Probes were perfused overnight with artificial cerebrospinal fluid (Harvard Bioscience, Holliston, MA, USA) containing the following ion concentrations (mM): Na (150), K (3), Ca (1.4), Mg (0.8), P (1.0), Cl (155) and pumped at a flow rate of 0.6 mL/min. The next morning, dialysate samples were collected at 20 min intervals. Samples were immediately assayed for dopamine and 5-HT by high-pressure liquid chromatography with electrochemical detection (HPLC-ECD) as described below. Rats were randomly assigned to control or drug groups. After three stable baseline samples were obtained, rats received two sequential intravenous injections of either saline (1 mL/kg; controls) or a test drug at time zero, followed by another injection 60 min later. Drugs were dissolved in saline to a concentration that allowed dosing volumes of 1 mL/kg to deliver the appropriate test dose. Methcathinone was administered at doses of 0.3 mg/kg and 1.0 mg/kg while 4-TFMAP was administered at 1.0 mg/kg and 3.0 mg/kg. Microdialysis samples were collected every 20 min throughout the post-injection period for 120 min. At the end of the experiments, rats were euthanized with CO 2 and decapitated. Brain sections were examined to verify placement of microdialysis probe tips at the nucleus accumbens. Only those rats with correct placements were included in data analyses, resulting in six rats in the saline control group and seven rats in each of the methcathinone-and 4-TFMAP-treated groups.
Drug effects on horizontal locomotor activity
Locomotor activity was monitored during microdialysis testing as previously described (Baumann et al., 2011) . During the overnight acclimation period and while undergoing microdialysis, each rat was housed within a cubic Plexiglass arena (43 cm Â 43 cm Â 43 cm) that was equipped with an activity monitoring system (Tru Scan; Coulbourn Instruments, Allentown, PA, USA). A sensor ring, lined with photobeams spaced 2.54 cm apart, was positioned in the horizontal plane to allow for real-time monitoring of motor parameters. Activity was monitored in 20-min bins during microdialysis testing, beginning 60 min before intravenous drug injections and continuing for 120 min thereafter. Horizontal locomotor activity was defined as the total distance traveled (cm) in the horizontal plane as measured by photobeam breaks.
High-pressure liquid chromatography with electrochemical detection (HPLC-ECD) of dialysate dopamine and 5-HT
Aliquots of dialysate (5 mL) were analyzed by HPLC-ECD by injection onto a microbore C18 column that was coupled to a Model LC-4C amperometric detector (Bioanalytical Systems Inc., West Lafayette, IN, USA) with a glassy carbon electrode set at a potential of þ650 mV relative to the Ag/AgCl reference. Aqueous mobile phase (150 mM monochloroacetic acid, 150 mM sodium hydroxide, 2.5 mM sodium octanesulfonic acid, 250 mM disodium EDTA, 6% methanol, 6% acetonitrile, pH¼5.3) was pumped at 60 mL/min using a Model 260D syringe pump (ISCO, Lincoln, NE, USA). Chromatographic data were acquired on-line and exported to an Empower software system (Waters Associates, Milford, MA, USA) for peak amplification, integration, and analysis. A monoamine standard mix containing dopamine, 5-HT, and their respective acid metabolites was injected before and after the experiment to insure validity of constituent retention times. Peak heights of unknowns were compared to peak heights of standards. The lower limit of assay sensitivity (3 Â baseline noise) was 50 fg/5 mL sample.
Data analysis
All values are expressed as the mean 7S.E.M. Discrete best-fit IC 50 or EC 50 values, obtained from nonlinear regression analysis of the in vitro uptake inhibition or release data from three to nine separate experiments, were treated as individual ''n'' and statistically processed to generate a mean value 7S.E.M. Pairwise comparisons of IC 50 and EC 50 values for the various drugs were made using one-way ANOVA followed by the Newman-Keuls post-test. Dialysate neurotransmitter levels and behavioral data from individual rats were normalized to percent control values (i.e., % basal) using the averaged raw data from three preinjection time points for each rat as basal; each rat thus served as its own control. Normalized group data in the microdialysis experiments and locomotor activity assay were then compared to vehicle controls using two-way ANOVA with drug and time as the two factors. When significant differences were observed, a Bonferroni post-test was used to compare treatment effects at each time point. Po0.05 was considered significant for all statistical tests. ]NE into C6-hNET cells was robust and was typically greater than 90% specific. All of the test drugs inhibited accumulation via the hSERT, hDAT, and hNET. Uptake inhibition curves for TFMAP isomers at hSERT, hNET, and hDAT are shown in Fig. 2 . All inhibition curves had slope coefficients of unity, indicating that the test drugs interacted with a single site on the transporter proteins. IC 50 values 7S.E.M. for all drugs and transporter systems tested are summarized in Table 1 . The 4-trifluoromethylmethcathinone analog (4-TFMAP) was the most potent hSERT uptake inhibitor in the series whereas 2-TFMAP was the weakest. At the catecholamine transporters, all the TFMAP isomers were less potent than methcathinone as uptake inhibitors and exhibited especially low potency at the hDAT.
Results
Uptake of radiolabeled [
As in vitro releasing agents, all of the TFMAP isomers and methcathinone were active at the rSERT, rNET, and rDAT. Release curves are depicted in Fig. 3 (Table 1) .
Methcathinone produced large dose-dependent increases in extracellular levels of 5-HT and dopamine in rat nucleus accumbens (Fig. 4) . There was also an increase in horizontal locomotor activity that corresponded temporally to the increase in dopamine levels but not to 5-HT levels (Fig. 4) . In contrast, 4-TFMAP increased extracellular 5-HT, but had no effect on dopamine or locomotor activity (Fig. 5 ). 4-TFMAP had approximately 1/3 the potency of methcathinone on dialysate 5-HT.
Discussion
Cathinones include drugs with important therapeutic applications such as pharmacotherapy for depression, obesity, muscle spasms, and tobacco smoking-cessation programs. Some designer cathinones have also appeared outside of medical circles in recent years, for purchase as ''legal highs'' or ''bath salts''. A number of biological targets for cathionones have been identified, but incomplete data and complex structure-activity relationships for cathinones that do not always match those of amphetamine analogs (Dal Cason et al., 1997) necessitate the pharmacological characterization of new a Uptake inhibition at hSERT, hNET, and rDAT (Cozzi et al., 1999 cathinones on a case-by-case basis to discover their psychological and physiological effects and to predict adverse drug reactions. This study aims to contribute to these efforts.
A major finding was that 3-or 4-CF 3 substitution on the methcathinone phenyl ring enhanced in vitro uptake inhibition and releasing activity at SERT but decreased activity at NET and DAT, regardless of whether the transporter was derived from human or rat (Table 1) . On the other hand, 2-CF 3 ringsubstitution decreased activity at all of these transporters. These results parallel earlier studies where, compared to cathinones lacking phenyl ring substituents, compounds with 3-or 4-position substituents were 30-to 60-fold more potent as SERT uptake inhibitors (Cozzi et al., 1999 (Cozzi et al., , 2005 (Cozzi et al., , 2007 Foley, 2002) . For example, the most potent SERT inhibitors in these earlier studies were 3-bromomethcathinone (IC 50 ¼2.0 mM), 4-bromomethcathinone (IC 50 ¼ 1.8 mM), and 4-iodomethcathinone (IC 50 ¼1.0 mM). Similarly, in the present study, it is the TFMAPs with ring substitutions at the 3-or 4-positions which are the most potent SERT inhibitors, with IC 50 values in the low micromolar range (11.3 and 4.5 mM, respectively; Table 1 ). Both 3-TFMAP and 4-TFMAP are also more potent than methcathinone (10-to 20-fold) as [ 3 H]5-HT releasing agents (Table 1) . Again, 2-TFMAP was considerably weaker than the other compounds in this assay, which may reflect steric or electrostatic interference within the SERT substrate binding site for this particular isomer.
When compared to methcathinone, all CF 3 ring-substituted isomers had decreased potency in uptake inhibition and releasing activity at the catecholamine transporters. At the NET, both uptake inhibition (6-to 19-fold) and releasing activity (43-to 136-fold) were weaker ( Fig. 3 and Table 1 ). The decreased potency ($ 400-to 1900-fold) was especially noticeable for [ 3 H]DA uptake inhibition via the DAT, where the TFMAPs had IC 50 values of several hundred micromolar ( Fig. 2 and Table 1 ). The TFMAP isomers were also less potent at stimulating [
H]MPP
þ release (30-to 400-fold) than methcathinone at the DAT. Clearly, the presence of the ring trifluoromethyl group has a large deleterious effect on catecholamine transporter uptake inhibition and releasing potency. These results match earlier studies in which ring-substituted amphetamines and cathinones such as MDMA, para-chloroamphetamine, meta-and para-fluoroamphetamine, meta-and para-methylamphetamine, mephedrone, and methylone were always less potent as uptake inhibitors and releasers at the catecholamine transporters than drugs such as amphetamine, methamphetamine, and methcathinone, which do not contain ring-substituents (Baumann et al., 2011 (Baumann et al., , 2012 Cozzi et al., 1999; Wall et al., 1995) . These data predict that the TFMAPs should have fewer psychostimulant effects and lower abuse liability relative to methcathinone in behavioral assays.
Based on the in vitro data, we selected 4-TFMAP for in vivo testing and comparison to methcathinone. The SERT selectivity and 5-HT releasing action displayed by 4-TFMAP in vitro was confirmed by the drug's effect in vivo. As anticipated, 4-TFMAP produced a dose-related increase in 5-HT efflux, but did not stimulate dopamine release from cells in the nucleus accumbens, nor did it stimulate locomotor activity (Fig. 5) . These results are similar to those from an earlier study in which both 3-bromomethcathinone and 4-bromomethcathinone were selective for SERT in vitro and produced fewer locomotor effects in vivo compared to methcathinone . These effects contrast with the response to methcathinone in the present study (Fig. 4) and with the response to the closely-related cathinone, mephedrone, recently reported by ourselves (Baumann et al., 2012) and by Kehr et al. (2011) . In those studies, mephedrone stimulated both 5-HT and DA release in nucleus accumbens and produced dose-related locomotor stimulation at 1 and 3 mg/kg.
Early studies of methcathinone pharmacology demonstrated its ability to release dopamine from rat caudate nucleus (Glennon et al., 1987) . We later extended these findings by showing that racemic [
3 H]methcathinone is a SERT substrate with a K M of 244 nM at the human SERT and that in rat brain tissue, the S-isomer of methcathinone is a potent, nanomolar-potency releaser at NET and DAT, with lower, micromolar potency as a SERT releaser . The in vitro results in the present study compare well with and extend these earlier findings by showing that methcathinone is a potent (nanomolar) and specific releaser at the catecholamine transporters, with lesser potency as a SERT substrate (Fig. 3 and Table 1 ). Methcathinone-induced [ 3 H]MPP þ release via the catecholamine transporters had an EC 50 of 20 nM but the drug was almost 200-fold less potent as a SERT releaser. The response to intravenous methcathinone in the in vivo microdialysis experiments (Fig. 4 ) parallels the in vitro results, albeit not with the 200-fold observed separation of potencies between dopamine and 5-HT release in vitro (Table 1) ; in vivo, methcathinone was only about twice as potent as a dopamine releasing agent in nucleus accumbens as it was as a 5-HT releaser. Here we note a divergence between the in vitro and in vivo results with methcathinone: while this drug is very selective for the catecholamine transporters in vitro, it elevates both dopamine and 5-HT in vivo. We have observed this phenomenon before with methamphetamine, a drug that is selective for NET and DAT in vitro but causes parallel increases in extracellular dopamine and 5-HT in vivo (Rothman and Baumann, 2003) . There are at least two factors that contribute to this outcome: (1) the in vitro assays are controlled situations in which conditions for selectivity at a single transporter are optimized by adding selective blockers to prevent interactions at other transporters and (2) when administered in vivo, drugs like methamphetamine and methcathinone rapidly increase extracellular dopamine to sufficiently high concentrations such that dopamine interacts with, and becomes a substrate for, the SERT, thereby causing 5-HT release via reverse transport. A similar effect does not occur with SERT-selective drugs in the nucleus accumbens because here, 5-HT concentrations are at least 10-fold lower than dopamine concentrations. Associated with the rise in extracellular nucleus accumbens dopamine was a matching increase in spontaneous locomotor activity, in agreement with earlier studies (Baumann et al., 2008 (Baumann et al., , 2011 .
In summary, the present data indicate that all three isomeric TFMAPs are substrates for the monoamine transporters and that phenyl ring substitution at the 3-or 4-positions dramatically increases potency at the SERT compared to DAT and NET, resulting in selectivity for SERT vs. the catecholamine transporters. On the other hand, the TFMAPs are much weaker than methcathinone both as uptake inhibitors and releasers at the NET and DAT (Fig. 3 and Table 1 ). The ability of these substances to release preloaded [ 3 H]5-HT and [ 3 H]MPP þ is an indicator that these drugs, like methcathinone, are substrates for the uptake transporters and differentiates them from pure uptake inhibitors such as cocaine and uptake-blocking antidepressants (Blakely et al., 1997; Ritz et al., 1990) . These data suggest that the TFMAPs might provide access to drugs with therapeutic value while having greatly reduced cardiovascular, locomotor, and psychostimulant effects, as well as diminished abuse liability in humans, compared to methcathinone. Furthermore, the trifluoromethyl group is metabolically stable (Hiyama, 2000) , a property that could prove advantageous in developing potent, extended-action drugs. The 3-and 4-CF 3 -substituted isomers may be worth investigating as potential antidepressants or antiobesity agents with an improved adverse reaction profile compared to existing cathinones in therapeutic use, such as bupropion and diethylpropion.
